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ABSTRACT 

(Unclassified) 

Free-Light  measureiuents  of  the  flow  about  both  non- 
ablating  and  ablating  spheres,  sphere  capped  cylinders,  and 
cones  are  reported.  Included  are  radiometer  measurements 
in  the  0.2-5.  5  micron  band,  image  converter  and  schlteren 
photographs,  microwave  measurements  of  wake  ionization, 
head-on  radar  cross-section  measurements,  backscatter  radar 
cross-section  measurements  of  turbulent  trails,  and  measure¬ 
ments  of  precursor  ionization.  Radiation  results  for  non-ablating 
spheres,  the  effect  of  contaminants,  and  a  comparison  between 
sphere  and  cone  results  are  presented.  The  status  of  the  head- 
on  radar  results  which  include  anomalous  absorption  are  dis¬ 
cussed.  Precursor  ionization  ahead  of  non-ablating  spheres  has 
been  identified  and  attributed  to  photoionization.  Comparative 
results  of  both  schlieren  and  radar  systems,  which  involve 
transition  from  laminar  to  turbulent  flow  and  scattering  from 
turbulent  wakes  are  outlined.  For  cones,  conditions  cover 
velocities  up  to  22.000  ft/ sec  and  pressures  up  to  150  mm  Hg, 
while  for  spheres,  velocities  range  up  to  24,000  ft/sec  and 
pressures  up  to  300  mm  Hg. 
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2.  INTRODUCTION 

A  free-flight  range  is  an  attractive  facility  in  which  to  study  observables  produced  by  high-speed 
models  because  the  initial  conditions  can  be  carefully  controlled,  the  detection  equipment  can  be 
placed  close  to  the  flight  path  to  yield  favorable  signal  to  noise  ratios,  and  not  least  of  all,  small- 
scale  experiments  can  be  performed  relatively  economically.  Mirlels  are  bunched  at  high  speed 
Into  the  tree-flight  range.  There  the  optical  and  Infrared  radiation  produced  are  carefully  measured 
as  are  the  absorption  and  reflection  of  microwave  signals  beamed  at  the  model  and  at  the  disturbed 
flow  field.  Almost  all  of  the  observables  encountered  in  full  scale  ICBM  hypervelocity  reentry  have 
been  recognized  in  ll  itory  frec-fllght  range.  However,  the  processes  which  produce  the 

observab'  s  do  not  a!-..,ys  :.ca Ic  in  a  simple  way.  Recently  I!  has  been  shown  that  those  processes 
which  depend  primarily  on  two-body  collision  are  scaled  when  the  product  of  density  and  model  size 
is  preserved.  1  Even  •.’.•here  the  processes  do  not  scale,  the  results  of  model  tests  are  needed  to 
establish  the  relationships  that  evlst  between  experiment  an-.t  our  theoretical  approximations. 

The  primary  objective  of  this  paper  Is  to  present  a  broad  survey  of  all  the  programs  that  are 
presently  being  carried  out  on  the  Flight  Physics  Range  of  the  General  Motors  Corporation.  Follow¬ 
ing  a  very  brief  desrilptlon  of  the  facility  and  the  Instrumentation,  including  the  main  characteris¬ 
tics.  details  of  the  various  programs  will  be  presented.  In  general,  familiarity  with  published 


2 


repnr's  w>U  be  assum'd  and  only  new  data  not  to  be  found  In  them  will  be  discussed.  Since  this  Is 
a  continuing  program  most  conclusions  are  tentative,  unless  otherwise  Indicated. 

3.  FACILITY 

The  tree-flight  range  facility  used  for  the  present  tests  has  been  discussed  by  Charters  and 
2  3 

Curtis  and  will  only  be  summarized  briefly  here.  A  light-pus  pun  launches  the  model  at  high 
velocity  into  the  range  proper.  The  blast  chambers  Isolate  the  pun  from  the  flight  test  chamber, 
so  that  propellant  gases  are  trapped  after  the  model  has  passed.  In  the  test  chamber,  the  model 
velocity  is  determined  by  three  pairs  of  stations  that  accurately  locate  the  model's  position  and 
attitude  with  spark  shadowgraph  pictures  and  electronic  chronographs  triggered  by  photobeams  as 
the  model  passe;:.  In  the  present  case  when  spheres  are  fired,  the  model  is  supported  In  a  plastic 
sabot  while  tt  is  being  launched  from  the  pun.  and  the  first  third  of  the  range  i*  used  to  separate 
the  sabot  i.om  the  mod?!.  Oc-  .•  separated,  the  model  enters  th-  test  chambers  where  the  radiation 
and  microwave  measurements  are  made.  The  first  75  feet  of  the  free-fltght  chamber  is  2  feet  in 
diameter.  The  last  50  feet  is  expanded  to  8-fect  diameter  to  minimize  wall  reflection  of  radar 
signals  that  are  beamed  along  the  centerline  at  the  model.  The  range  is  sealed  so  that  it  may  be 
pumped  down  to  a  vacuum,  flushed  out.  and  filled  with  the  desired  test  gas  at  pressures  from  100 
microns  Hg  to  atmospheric. 

4.  INSTRUMENTATION 

The  flight-range  instrumentation  and  the  measurements  that  can  be  accomplished  with  them 
are  conveniently  summarized  in  dlagramatlc  form  In  Figure  1.  They  have  been  described  In  detail 
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elsewhere  and  the  main  features  only  are  outlined  here. 

4.  1.  RADIOMETERS  3' 4'  5’  6 

Radiometers  have  been  designed  to  monitor  the  emitted  radiation  trorn  the  high  temperature 
flow  field.  In  the  case  of  non -ablating  bodies,  the  main  source  of  radiation  Is  In  the  stagnation 
region  with  less  from  the  flow  over  the  body.  An  attempt  has  been  made  to  piovide  adequate  axial 
resolution  to  resolve  the  sources.  The  viewing  area  of  each  radiometer  is  a  rectangular  slit  with 
the  minimum  dimension  parallel  to  the  flight  axis. 

The  radiometers  used  In  most  of  the  measurements  described  here  cover  the  spectral  ranges 
from  0. 2  to  0.  6  microns.  0.  35  to  0.  6  microns,  0.  35  to  1. 0  microns.  2  to  3  microns.  3  to  4  mi¬ 
crons.  4  to  5  microns,  and  1  to  5.  5  microns.  The  physical  arrangements  of  the  photomultipliers 
for  the  optical  region  and  .he  detectors  for  the  Infrared  region  are  shown  In  Figures  2  and  3  respec¬ 
tively.  Typical  osclllosi-  >pe  traces  obtained  with  these  instruments  are  shown  In  Figures  4  and  5. 
Further  details  of  ;he  apparatus,  calibration  procedures  and  data  redudlon  may  be  found  in  Refer¬ 
ences  3, 4.  5. 6 

The  spectral  resolution  of  the  radiometers  has  been  recently  increased.  Eight  filter  photo¬ 
multiplier  combinations  have  been  installed  to  monitor  the  emission  In  0.  1  micron  bandwidlhs  from 
0.2  to  1.0  microns.  Additional  radiometers  have  been  Installed  to  monitor  the  infrared  emission  in 
1.0  micron  liandwldths  from  f.O  to  B.  0  microns. 


42.  IMAGE  CONVERTER  GAMERS 


A.i  image  converter  umera  lias  been  installed  to  obtain  a  phntogt apliic  representation  in'  the 
optica,  radiation  emitted  t>y  the  flow  field.  Three  separate  frames  each  of  a  few  hundred  nanosec¬ 
onds  duration  and  spaced  a  few  microseconds  apart  are  taken.  The  spectral  response  is  approxi¬ 
mately  0.35  to  6.0  microns. 

Although  quantitative  data  may  he  obtained  with  this  device  It  has  been  found  to  be  most  useful 
in  obtaining  rapid  information  concerning  the  relative  distribution  of  radiating  sources,  particularly 
in  comparative  studies  of  ablating  and  non -ablating  bodies. 

Some  typical  results  are  shown  in  Figures  6  and  7.  In  Figure  6  the  radiation  from  the  gas  cap 
ahead  of  a  copper- plated  sphere  is  shown.  The  absence  ol  ablation  and  wake  radiation  is  self- 
evident.  The  radiation  from  a  copper-capped  body  with  a  plastic  afterbody  Is  shown  in  Figure  7. 
Here  die  ..as  cap  radiation  and  ablation  radiation  from  the  afte-body  and  the  wake  can  lie  seen. 

4.3.  SCHLIEREN  SYSTEM 

A  high-sensitivity,  duublc  pass  schlieren  system.  '  whirh  uses  a  10-ft.  radius  of  curvature 
mirror  one  foot  in  diameter  is  currently  In  operation.  The  illumination  is  obtained  with  a  spark 
source  15  mil  in  diameter  and  having  a  flash  duration  of  about  200  nanoseconds. 

The  schlieren  system  is  being  used  to  study  details  of  wake  structure  (spatial  variation  of  opti¬ 
cal  refractive  index  gradients)  behind  spheres  and  cones.  In  particular,  emphasis  Is  placed  on 
transitions  from  laminar  to  turbulent  flow  and  on  structural  details  of  turbulent  wakes.  In  this  con¬ 
nection  the  data  is  being  correlated  with  similar  data  obtained  by  using  a  high  resolution  oblique 
radar  (see  iiaragraph  4.  5)  with  the  intention  of  establishing  the  relationship  between"  optical"  and 
"electronic"  wake  structure. 

Difficulties  have  been  experienced  in  the  achievement  of  adequate  sensitivity  which  would  re¬ 
veal  wake  details  immediately  behind  5  to  15  mm  diameter  spheres  at  conditions  under  which  tran¬ 
sition  might  be  expected.  In  order  to  improve  the  sensitivity,  a  single-pulse  laser  source  has  been 
adapted  to  a  second  double  pass  schlieren  system  by  the  Plasma  Physics  Section  of  the  GM  Defense 
Research  Laboratories.  The  second  system  employs  a  20-ft  radius  oi  curvature  mirror  one  foot  in 
diameter.  The  ruby  laser  appears  to  oner  a  nearly  ideal  schlieren  Illumination.  Since  it  emits  co¬ 
herent  collimated  light.  It  can  be  focused  to  give  an  extremely  small  effective  source  size,  thereby 
Increasing  the  system  sensitivity.  It  can  aluo  be  operated  for  very  short  durations,  of  the  order  of 
10  nanoseconds.  The  labor  duration  produces  an  extremely  small  blurred  edge  on  the  photograph, 
only  about  0.002  Inches  20.000  ft,  sec.  More  Important .  however.  Is  the  fact  that  the  laser 
provides  a  light  •  ource  m  extreme  intern  it;. .  which  Is  require,  or  the  larger  schlieren  system. 

Earlier  efforts  to  use  the  laser  as  a  sel-.lleren  light  source  have  Indicated  that  a  very  mottled 
field  of  Illumination  Is  obtained.  Current  efforts  at  GM  DHL  have  succeeded  In  almost  eliminating 
this  mottling  (see  Ftg.  «).  At  the  present  time,  results  comparable  with  those  with  the  more  con- 
ventlo  al  are  source  have  been  obtained.  It  appears  that  the  laser  system  Is  not  fully  exploited  In 
terms  if  sensitivity  and  further  Improvement  can  be  expected. 


4.4.  FOCUSED  MICROWAVE  PROBE4, 8,9 

Arrays  of  focused  microwave  beams  with  giwxl  spatial  resolution  are  located  across  the  flight 
path  for  the  purpose  of  determining  the  magnitude an.1  spatial  distribution  ot  ionization  in  the  wake. 
Two  frequencies.  35  and  70  Cir,  are  now  in  use.  The  effective  spatial  resolutions  are  1,2  Inch  and 

1/4  inch  rtspvctivcly,  and  the  dynamic  ranees  are  approximately  lo'9  to  5  x  1012e/cc  and  2  x  1010 
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to  10  e,  vc  respectively.  The  idealized  disposition  of  the  muitibeam  system  in  relation  to  a  typical 
hypersonic  wake  is  shown  in  Figure  9.  Tlte  circles  correspond  to  the  effective  spatial  resolution 
and  contain  over  90  percent  of  the  energy  in  each  beam.  It  should  be  noted  that  corresponding  beams 
in  tile  35  and  70  tie  system  provide  wake  samples  at  Identical  radial  positions.  The  70  Ge  probe  is 
used  for  near  wat.e  measurements  because  of  Its  belter  resolution,  whereas  the  35  Gc  probe  is  used 

for  wake  measurements. 

j  o 

ft  has  been  shown.  "  !h  .  a  good  approximation  to  radial  '  .nization  profiles  can  be  obtained  by 
suitably  processing  the  transmission  data  from  adjacent  beams.  A  complex  machine  program  Is 
required  which  is  not  yet  in  t  e.  An  example  of  hand  reduction  of  data  in  one  case  Is  shown  in 
Figure  10.  Here  the  capability  of  the  high  resolution  probe  is  fully  revealed. 

A  resonant  version  of  these  probes  Inis  been  devekqred  in  prototype  form  and  the  results  have 
borne  out  theoretical  predictions  that  at  least  two  orders  of  magnitude  improvement  in  sensitivity 
can  lie  achieved,  nils  instrument  will  be  adapted  to  range  use  and  Is  expected  to  be  sensitive  to 
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electron  densities  as  low  as  10  e/cc.  An  interesting  by-product  of  this  device  Is  that  its  extreme 
sensitivity  makes  it  applicable  to  the  measurement  of  neutral  gas  density  changes. 

The  conventional  probes  are  described  in  detail  in  References  4.8,  and  9  and  the  resonant 
probe  development  Is  described  in  Reference  10. 

4.  5.  HIGH  RESOLUTION  OBLIQUE  DOPPLER  RADAR 

A  35  Gc.  CW  doppler  radar  Is  installed  with  the  beam  direction  at  an  angle  to  the  flight  path, 
which  can  be  varied.  However,  in  all  measurements  to  date,  the  angle  has  been  45°.  In  early 
firings  the  beumwidth  was  such  that  the  axial  resolution  (distance  between  the  first  pair  of  nulls  in 
the  antenna  pattern)  was  about  9  Inches.  Tills  lias  now  been  Improved  by  reduction  to  about  1.  5  inches. 

Tills  radar  Is  to  be  used  to  study  luickscatter  from  turbulent  wakes.  Since  the  scatter  oft  lami¬ 
nar  and  turbulent  wakes  Is  grossly  different  It  will  also  be  useful  in  radar  studies  of  wake  transition. 
I!  is  cx|>ectcd  that  analysis  of  barkxrallir  records  will  result  in  the  determination  of  the  properties 
of  turbulent  wakes.  In  el’  cases  the  data  will  be  correlated  with  schlleren  data  (where  possible).  An 
example  of  the  type  of  i<  .>rd  obtained  with  this  radar  Is  shown  In  Figure  11.  In  the  first  photograph 
the  signal  from  a  sphere  with  no  wake  can  be  seen  to  consist  of  an  envelope  which  follows  the  anten¬ 
na  pattern  and  wliiih  contains  the  Individual  doppler  cycles  due  lo  the  sphere  motion.  In  the  second 
lihotograph.  of  the  record  from  a  sphere  which  Is  known  to  have  caused  a  significant  (but  still  under- 
dense)  electron  wake,  the  signal  which  arises  from  the  turbulent  wake  Is  clearly  visible. 

Tills  equipment  Is  still  very  much  in  the  development  stage  and  a  number  of  modifications  and 
additions  are  planned.  These  include  (1)  a  better  sensitivity;  (2)  multi-beam  system  which  will  pro¬ 
vide  a  radial  resolution  capability:  (3)  electr'cal  recording  and  (4)  al  least  one  additional  frequency. 


4  1.  HEAD-ON  CSV  DOPPLER  RADAR 

Tw  i  radars.  which  "|N-r,iH-  .il  35  and  70  Ut  rcs|icr  lively  have  been  Installed  on  the  Might  range 
b'C  the  I’li'asnrctiHMl  Hi  head-on  radar  m ism  sect  Inn,  which  Is  monitored  tor  Ihi*  last  00  It.  ut 
•  light.  Die  |IU||SI.M-  u|  this  nisi ruincnliiti.nl  Is  tu  study  the  Interaction  ul  the  radar  wa.es  with  the 
ionization  near  Hie  lusty,  particularly  in  the  stagnation  region. 

At  the  presen:  time  the  twn  trcqecncies  eanr.nl  be  used  simultaneously  and  as  a  result  many 
lirmgs  liiivc  In  be  duplicated.  A  diplexing  system  lias  been  developed  and  will  be  installed  mi  sin. 
Consideration  is  In  niv  given  to  the  addition  of  a  third  frequency  of  HO  tie. 

Full  details  ul  existing  equi|inient  are  to  lie  found  in  references  4  and  11, 

4.7.  PRECURSOR  IONIZATION  PROBES 

Elerlroslat  ic  probes  have  been  used  to  monitor  electrons  ahead  nt  the  bow  shock  wave.  These 
have  been  described  in  some  detail  elsewhere.  but.  in  brief,  they  are  basically  flat  metallic 
plates  plan  <1  normal  to  the  ••  ,,u  line,  with  provis*-nis  made  to  aer.su re  the  voltage  induced  in  the 
plate  by  th  •  approaching  proiectile.  Various  combinations  of  grids  were  used  in  conjunction  with 
the  plate  to  study  the  efleet  ot  body  char  pc  and  to  determine  the  source  of  the  precursor  Ionization. 

5.  DESCRIPTION  OF  RESULTS 

The  programs  ran  be  conveniently  divided  into  two  classes  according  to  the  location  of  the 
source  of  observables  in  die  flow  field;  (hat  is  in 

1.  The  Uodg-Ftow  Field 

2.  The  Wake 

5.1.  THE  BODY  FLOW  FIE!  I’ 

In  the  stagnation  region  ot  blunt  bodies,  intense  ionization  and  radiation  are  created.  In  addition 
precursor  ionization  may  occur  due  either  to  photolonlzathm  or  diffusion.  In  the  case  of  slender 
Indies,  the  stagnation  region  Is  not  Important  as  a  source  of  observables,  but  the  hot  viscous 
boundary  layer  appears  to  result  In  appreciable  radiation  and  ionization.  Significant  results  which 
have  been  obtained  In  programs  designed  to  study  the  above  observables  are  now  outlined. 

5.  I.  I  RADIATION  MEASUREMENTS 
5.1.  II  NON-AHLATINO  HODfES 

Radiation  measurements  have  been  made  on  15  mm  diameter  non-ablating  copper-plated 
spheres  over  the  range  of  velocities  from  13.000  to  22.000  ft/see  and  at  pressures  ranging  from  1 
to  300  mm  Hg.  The  spec. i  ■!  range  front  0.2  to  5.  5  microns  was  covered  tn  hands  as  described  In 
ixiragraph  4. 1. 

Representative  plots  of  the  data  are  presented  In  Figures  12  to  16  for  the  spectral  regions 
0. 35  to  0.  G  microns  and  2  to  3  microns.  Figure  12  shows  the  velocity  de|x>ndence  of  peak  stagnation 
emission  in  the  0.35  to  0  6  micron  region  for  15  mm  diameter  copper-clad  spheres  (non -ablating 
in  air  at  10  and  100  mm  l!g  pressure).  At  both  pressures  there  appears  to  be  reasonably  gotd 
agreement  with  theoretical  equilibrium  expectations.  Tills  Is  generally  the  case  over  the  range 
0.2  to  1.0  micron  at  pressures  tu  excess  ot  10  mm  llg.  Il  should  he  noted  thut  the  equilibrium 
model  Is  based  on  a  uniform  stagnation  effective  volume  of  0. 1  r  (r  nose  radius). 


Thi  elicit  ul  pressure  on  tin*  0. 35  to  0.  G  micron  emission  is  shown  in  Figure  13.  As  the 
pressure  decreases  below  20  mm  Hu.  the  emission  rises  relative  to  the  equilibrium  expectation. 
This  behavior  w,  s  observed  over  the  photo-multiplier  region  from  0.2  to  1.0  micron.  The  tendency 
toward  increased  emission  below  20  mm  lip  probably  results  from  nnu-equl librium  gas  cap 
behavior. 

Figures  14  and  15  show  the  velocity  dependence  ut  the  2  to  3  micron  emission.  Al  10  mm  Hg 
the  experimental  results  are  considerably  above  equilibrium  expectations  based  on  free-lree 
emission  calculations  but  they  approach  the  equilibrium  level  with  increasing  velocity.  At  100  mm 
tig  the  experimental  results  tire  in  fair  agreement  with  equilibrium  expectations.  Similar  behavior 
is  noted  throughout  the  range  from  1  to  5  microns. 

Earlier  it  was  thought  that  the  high  emission  in  the  2  to  3  micron  band  at  the  low  velocities  was 
due  to  ti'.e  .’.7  micron  emission  from  water  or  OH  contamination  extensive  tests  with  "wet"  and 
"dry"  ait  ‘laboratory  :<:■  mu*  . icier  air)  have  shown  'r.is  not  to  be  the  case.  The  10  mm  behavior 
noted  in  the  2  to  3  micron  band  tn  Figure  14  was  also  observed  In  ihe  other  IR  bands  which  were 
monitored. 

Ftgure  16  shows  the  pressure  dependence  fogjjie  2  to  3  micron  emission  al  20,000  ft/ sec. 

Here,  as  in  the  UV-visible  region,  there  Is  evidence  of  non-equilibrium  gas  cap  rndiallon  overshoot 
as  pressure  Is  decreased. 

A  t ina I  word  on  ihe  influence  of  water  on  radiation  Is  In  order  here.  Figures  12  to  16  demon¬ 
strate  that  within  the  experimental  reproducibility  of  the  results  there  is  no  difference  between  the 
emission  from  "wet”  (ip  to  one  percent  water)  and  "dry"  (less  than  0.  1  percent  water)  atr.  This 

appears  to  be  the  siluaitun  over  ihe  spectral  range  from  0.  2  to  5.  0  microns. 
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The  simple  uniform  gas  cap  model  having  an  effective  volume  of  0. 1  r  is  actually  a  very 
approximate  description.  Computer  codes  for  gas  cap  temperature,  density,  and  composition 
distributions  are  now  In  hand  at  UM  DHL  and  work  is  in  progress  lo  more  adequately  describe  Ihe 
equilibrium  and  nim-equllibriuin  gas  cap  proportions.  From  these  computations  a  better  theory  is 
expected  against  which  the  experimental  points  can  be  checked. 

5.  1.  12  CONTAMINANT  ENHANCEMENT 
13 

In  a  previous  report  It  was  shown  that  Teflon  was  indeed  a  low  observable  ablator.  Over  the 
spectral  range  from  0. 2  to  5. 0  M  the  radiation  front  the  gas  •  up  am!  wake  flow  was  approximately 
equal  to  that  from  a  copper  protected  model.  Polyethylene  and  Zclux  are  used  often  In  free  flight 
studies  because  of  Ihe  <.*.*<  ■  llent  mechanical  properties  of  Ihese  materials.  With  polyethylene,  there 
is  a  slight  enhancemcn'  of  Ihe  gas  cap  emisslvity  and  a  noticeable  Increase  in  wake  emission. 

Zelux  very  strikingly  increases  the  radiative  output  over  Ihe  range  trom  0.2  lo  5.0  M. 

Work  b  continuing  on  ihe  Influence  of  ablating  materials  on  the  observables.  Currently  an 
elforl  Is  being  made  to  ...vasure  Ihe  ablation  rate  of  Teflon  In  free  flight  through  Ihe  use  of  a  thin 
lamina  of  ablation  matei'ul  marked  with  strongly  luminous  sixtlum  on  Its  under  side.  The  time  at 
which  ablation  uncovers  the  sodium  marker  Is  noted.  Sucress  In  this  venture  will  permit  controlled 
contamination  of  wake  flows  using  Teflon  as  an  ablating  matrix, 


5.  '  13  RADIATION  FROM  NON- AULA  TING  SPHERES  AND  CONES 

A  cuppcr-pln't'd  s  (dir  re  of  7.5  m:»  radius  ami  12  I  2"  hall-angle  copper  is  me  of  12-mm  base 
diaineti  r  ami  1-nmi  nose  radius  were  fired  to  obtain  a  rather  graphic  comparison  of  their  relative 
behavior.  Radiation  measurements  were  made  on  the  sphere  model  at  an  average  speed  of 
Id.  300  fps  for  the  spectral  ranges  0. 2-0.  6  M.  0.35-0.  Cm.  0.35-1.0m.  2-3  m.  4-5  m  and  1-5.  5m  . 
The  cone  round  was  tired  at  a  speed  ol  17.700  fps  and  radiation  measurements  were  made  in  the 
same  spectral  ranges  as  for  the  sphere. 

Tlie  radiation  data  obtained  for  these  two  models  point  out  in  striking  fashion  the  diltcrence 
between  the  blunt-nosed  and  slender-body  observable?.  Both  the  7.  5-mm-radlus  sphere  and 
1-mm-nose-radins  cone  model  are  non-ablating  configurations.  Tlius.  the  radiation  may  derive 
from  either  the  gas  about  the  model  or  from  the  model  surface. 

The  radiation  scope  traces  tFIg.  17)  for  Ihe  sphere  showed  a  sharp  peak  of  about  2  esec  dura¬ 
tion.  This'  >rres ponds  to  .he  tr  uistt  lime  of  the  gas  cap  thinner  -.ee  Held  of  view  along  the  flight 
line.  A  second  peak  abi.u*  4  p,  v  m.-cc  behind  the  initial  radiation  pulse  was  caused  by  the  recom- 
pression  shock. 

The  traces  for  the  coin  showed  a  flat -topped  peak  corresponding  to  the  transmit  the  gas  cap 
through  the  field  of  view.  The  pulse  was  followed  by  a  slowly  rising  output  as  the  cone  (A  23  mm) 
passed  across  the  Helu  of  view.  The  output  behind  Ihe  cone  fell  off  quickly.  Both  models  showed 
little  wake  radiation  except  lor  the  recompression  behind  the  sphere.  A  comparison  of  the  peak 
imt|)uts  front  the  gas  caps  of  the  sphere  and  cone  ts  given  below: 

TABLE  !.  RADIATION  INTENSITIES  FROM  SPHERES  AND  CONES 


r 

Peak  Intensity.  I.  In 
watts/stornd 

- 1 

t  Sphere 

Wavelength  m 

Sphere  j  Cone 

t  Cone 

.  0.  2  -  0,  011 

1.0  1 

009 

180 

0.  35  -  0.  01' 

.25 

0006 

400 

0.35  -  1.0a 

.24 

002 

120 

2  -  31’ 

.214 

010 

21 

3  -  4b 

.113 

024 

5 

4  -5h 

i 

.0512 

013 

4 

a.  Held  of  view  along  flight  line  0.7  cm 

b.  Held  ot  view  along  (light  Hue  1.7  cm 

11  the  gas  cap  radi.1'  on  were  in  equilibrium,  which  Is  probably  not  the  case  for  Ihe  1-nim-nose- 

3 

radius  cone.  Ihe  Intensities  woj.1  vary  as  r  .  or  about  420  to  1.  Calculations  of  beat  transfer  In 
the  sphere  have  Indicated  thill  body  emission  is  negligible  compared  with  gas-cap  emission.  ® 
Similar  analysis  have  been  Initialed  tor  conical  models. 

5.  1.2  HEAD-ON  RADAR  CROSS  SECTION  MEASUREMENTS 

Hie  radar  absorption  effect  for  blun!  metallic  bodies  which  was  first  measured  In  full-scale 
reentry  and  which  was  explained  by  Musul  Inis  been  observed  in  range  firings. ' 1 


Maximum  absorption  occurs  wherever  the  radar  frequency  is  approximately  equal  to  the  plasma 
ircqucucy  in  the  stapnation  repion  and  the  thickness  of  the  slupnatlou  plasma  ts  about  one  naif  of 
the  Ircespace  wavelenpth.  Tile  plasma  thickness  in  front  of  small  bodies  In  the  fllphl  ranpe  is 
never  more  than  a  quarter  wavelenpth  (frequencies  of  35  and  70  Gc)  and  the  absorption  predicted 
accordmp  to  the  conventional  Musal  theory  is  small.  However,  us  has  been  reported  before.  (Ref. 
Ill  anomalously  larpe  absoiptmn  (about  an  order  of  mapnitude  preafer)  has  been  measured  at  both 
35  and  70  Gc  on  coppcr-capped  models  with  cylindrical  after  bodies  There  has  been  an  element  of 
doubt  c  mcerninr,  this  type  of  body,  since  it  is  not  a  complete  sphere  (v.hich  Is  assumed  in  the 
theory)  and  consequently  some  peculiar  diffraction  effect  mipht  account  for  the  anomaly.  Recent 
evidence  removes  this  doubt  and  it  is  clearly  established  that  the  effect  is  associated  with  the  thin 
stapnatioi  plasm  t  of  a  nlunt  nosed  bodv,  and  is  independent  of  whether  the  body  is  a  complete 

14 

sphere  or  a  spherically  capped  body. 

CARD',*'’  has  carried  oat  a  similar  propram  which  incorpor..“d  a  similar  35  Gc  radar  and  a 

complete  metal  sphere  ubo.,,  :K  same  radius  as  the  ropoer-cupped  model  used  here.  An  anont- 

-  14  — . 

alous  absorption  of  about  the  same  order  has  been  noted.  Also  recent  experiments  at  GM  DRL 

with  tin-  70  Gc  radar  .tad  a  15-mrn  diameter  copper-plated  sphere  have  yielded  apain  anomalous 

absorption.  Tile  results  are  shown  in  Fipure  18. 

Extensive  unsuccessful  theoretical  efforts  which  were  aimed  at  explalninp  this  phenomena  in 

(lie  free-fltpht  ranpe  are  summarized  in  Reference  14.  Invesltpatlons  of  additional  electromapnetic 

effects  and  the  possibility  of  Hie  couplinp  of  EM  waves  with  acoustic  waves  are  conltnuinp. 

5.  i.  3  PRECURSOR  IONIZATION 

V 

Electrostatic  probes  have  been  used  "  to  determine  whether  a  hypersonic  body  in  flipht  throuph 
the  atmosphere  accumulates  a  net  charpe.  In  the  course  of  these  experiments  it  became  quite 
apparent  that  ionization  was  lieinp  created  ahead  of  the  bow  shock  around  blunt  bodies.  Careful 

experimentation  has  shown  that  this  is  phot  nlonlzat  Ion  which  probably  arises  from  ultraviolet 

l? 

radiation  from  (he  slap. i.n ion  repiou.  Tills  work  has  been  desv  ribed  In  full  elsewhere  '  and  only 
the  main  results  will  lie  quoted  here. 

Fipure  19  shows  a  typical  sample  of  raw  data.  The  rapid  increase  ot  induced  voltape  us  flic- 

body  approaches  the  probe  should  be  noted.  The  variation  of  vollape  with  distance  between  the 

probe  and  the  mode  l  is  approximately  exponential. 

The  variation  or  (teak  vollape  (Immediately  before  Impart)  as  a  function  of  velocity  Is  shown  In 

Fipure  20.  In  which  a  verv  stronp  dependence  on  velocity  can  be  noted.  The  e-foldlnp  distance  (of 

Ionization  decay  ahead  o  tie  model)  decreases  with  pressure  Increase,  as  would  be  expected  If 

ultraviolet  radiation  is  supposed  to  be  'lie  source  of  the  Ionization. 

ft  was  found  'hat  the  density-  Immedhitclv  ahead  of  the  bow  shock  around  a  15-mm  diameter 

o 

sphere  fired  at  18,000  fps  and  an  ambient  pressure  of  10-mni  Hp  was  about  10  e  cc.  This  depree 
of  precursor  iout/altoii  mipht  lie  sufficient  to  account  for  anomalous  radar  absorption  observed  at 
hiplt  altitudes  with  UII1  radar.  Ini'  not  the  anomalous  absorption  discussed  in  pnrapraph  5.  1.2. 

Additional  experiments  are  planned  In  which  the  effect  of  body  shape  will  be  Investlpaled. 
Electrostatic  prolx-s  may  lie  used  Out  emphasis  will  be  placed  on  the  use  of  the  resonant  focused 


probes  which  should  provide  detailed  radial  and  axial  distributions  of  ionization  In  the  precursor 
reg..>» 

5.  2.  TDK  WAKE 

W  ike  oliservables  are  now  of  greatest  slgntl  bailee  since  they  have  the  most  potential  in  re¬ 
vealing  tlu  vital  statistics  of  the  body  which  causes  the  wake.  Radiation  from  wakes  behind  noti- 
ahlating  spheres  or  cones  has  been  found  to  be  extremely  low  Intensity.  Ablation,  however,  can 
appreciably  alter  this  observation.  Ionization  appears  to  be  present  In  practically  significant 
quantities  in  the  wakes  of  both  blunt  and  slender  bodies.  The  details  of  the  uake  structure  (i.  e. 
laminar  or  turbulent  flow,  size  and  distribution  of  eddies,  etc.)  are  of  major  importance  in  the 
determination  of  whether  radar  backscattor  from  wakes  Is  measurable  or  not. 

Results  of  programs  which  have  been  carried  out  to  yield  basic  information  in  the  above  areas 
wid  be  described  here. 

5.2.1  VVAXE  RADIATION 
5.  2.  II  liLUNT  llODTt-; 

II  was  stated  previously  that  wake  radiation  .densities  behind  non-ablating  spheres  in  the  spec¬ 
tral  rangt  from  0.2-5.  5  pare  very  low.  In  particular,  various  emitted  bands  of  thermally  excited 
air  which  have  been  predicted  at  times  have  not  been  observed.  Since  the  range  observations  are 
made  with  extremely  sensitive  equipment  at  a  distance  of  one  foot  it  is  likely  that  this  type  of  radi¬ 
ation  would  lie  prominent  in  full-scale  reentry. 

Ablation  of  the  body  material  results  in  considerable  radiation  from  the  wake  which  depends 
markedly  on  the  hod  .•  composition.  Preliminary  results  on  the  effects  of  ablation  contaminants  on 
wake  radiation  behind  blunt  bodies  have  been  reported  in  Reference  13.  Only  the  main  results  will 
lie  repeated  here. 

Radiation  from  Teflon.  hlgh-density'|Jotye"thylcne  and  Zelux  (a  polycarbonate  resin)  models  was 
monitored  and  compared  with  the  radiation  front  relatively  lew  ablating  copper-capped  high-density 
polyethylene  models.  The  velocity  range  covered  was  from  12  00 U  to  24,  OOO  ft/ sec  In  air  at  10  mm 
Hg.  The  spectral  coverage  was  In  seven  broad  bauds  front  0.  2  to  5.  5  microns.  The  Teflon  models 
showed  no  enhancement  in  the  spectral  range  front  0. 2  to  5.  5  microns.  The  polyethylene  models 
exhibited  appreciable  enhancement  only  in  the  infrared.  Zelux  models  yielded  radiation  enhancement 
throughout  the  spectrum  studied,  with  relatively  larger  contributions  at  longer  wavelengths. 

Considerable  emphasis  is  being  placed  on  the  development  of  controlled  ablation  rale  techniques. 
If  these  are  successful  It  is  e.«|M'ctcd  Unit  wake  radiation  can  then  lie  related  to  the  amount  of 
material  fed  into  the  w.il  «• 

No  specific  quantile. tve  analysts  has  been  performed  on  the  data  obtained  with  the  Image  con¬ 
verter  camera.  However,  the  data  has  been  extremely  useful  in  comparative  studies  such  as  the 
one  just  described,  examples  of  the  dtiferences  in  light  Intensity  in  (he  wake  from  different  ablation 
materials  may  be  found  'a  Reference  13. 

5.  2.  12  COVES 

Cone  firings  are  currently  lit  progress  and  no  detailed  analysts  has  been  completed.  However, 
a  few  general  comments  may  lie  made. 


!C 


Wr.kv  radiation  from  non-ablating  cones  00°  to  12  1/2°  half  angles)  is  not  measurable  over  a  veloc¬ 
ity  range*  up  to  about  20.000  ft/sec  anti  for  pressures  up  to  50  —  75  mm  Hg.  Appreciable  radiation 
is  observed  in  the  wake  for  30°  aluminum  cones  fired  at  20, 000  to  22, 000  fi/sec  at  50  mm  Hg. 

5.  2.  2  WAKE  STRUCTURE 

Different  instruments  can  be  used  to  observe  different  aspects  of  the  wake,  all  of  which  have 
to  be  combined  if  a  comprehensive  wake  scattering  model  is  required. 

In  general  the  schliereu  system  is  sensitive  to  transverse  gradients  in  neutral  gas  density  and 
is  thus  extremely  useful  in  the  detection  of  the  transition  from  laminar  to  turbulent  flow.  It  can 
also  be  used  to  yield  some  information  on-the  size  of  turbulent  eddies.  However,  since  density 
gradients  are  integrated  along  a  ray  path,  caution  has  to  be  used  in  analysing  this  type  of  data. 
Schliereu  data  can  also  be  useful  in  the  experimental  determination  of  wake  velocity. 

The  structure  of  the  electronic  wake  Is  naturally  of  major  interest  in  any  determination  of 
wake  rada  scattering.  The  <  .uscC  microwave  probe  is  sensit'.e  to  the  mean  ionization  density 
throughou.  the  flow  field,  ft  can  be  used  to  study  the  spatial  distribution  of  the  mean  ionization 
within  the  probe  resolution  (1/4"  or  1/2").  However,  it  does  not  appear  to  be  sensitive  to  electron 
density  fluctuations  characteristic  of  turbulent  media.  On  the  other  hand,  the  backscatter  radar,  if 
obliquely  oriented  to  the  wake  axis,  does  not  detect  any  backscatter  from  laminar  wakes  of  almost 
any  mean  electron  density.  As  soon  as  the  medium  becomes  turbulent  it  is  analogous  to  some 
degree  of  "roughness"  which  causes  measurable  backscatter. 

Initially,  measurements  of  mean  electron  density  in  wakes  which  shed  some  light  on  scaling 
phenomena,  effect  of  contaminants,  pressure,  velocity,  and  body  shape  on  ionization  will  be 
described.  This  will  be  followed  by  a  description  of  measurements  which  have  been  carried  out  to 
correlate  the  optical  structure  of  the  wake  (as  seen  by  the  schliereu)  with  the  electronic  structure 
(as  seen  by  the  radar). 

5.  2.  21  MEASUREMENT  OF  MEAN  ELECTRON  DENSITY 

It  was  Indicated  In  paragraph  4.4  that  radial  profiles  of  electron  density  throughout  the  wake 
may  be  obtained  by  routine  machine  nnaiysls  of  the  data.  An  example  of  'his  type  of  reduction  has 
been  referred  to  In  Figure  10.  Fur  many  purposes  it  is  much  simpler  to  analyse  the  data  In  terms 
of  average  electron  density.  The  effective  trail  diameter  at  any  axial  position  behind  the  body  can 
be  estimated  quite  accurately  by  visual  inspection  of  the  data  from  adjacent  probe  beams.  Since 
this  procedure  is  quite  simple  it  has  been  used  tu  obtain  all  results  discussed  here. 

5.2.211  EFFECT  OF  CONTAMINANTS  ON  WAKE  IONIZATION 

In  some  *  arly  studi.-s  of  the  effect  of  water  vapor  on  the  flow  field  observables  It  appeared  that 
about  1  mole  percent  water  almost  doubled  the  electron  densities  obtained  in  dry  air  wakes  behind 
non-ablating  spheres  and  cones.  Wake  lengths  us  measured  with  the  transverse  probes  also 
Increased  with  the  addi'lou  of  water.  Ilie  dry  air  was  obtained  from  cylinders  and  laboratory  air 
was  used  for  the  wet  air  studies.  A  dew  pulnt  cel!  was  used  to  measure  range  moisture  contents. 
The  dry  air  firings  exhibited  excellent  reproducibility  whereas  the  wet  air  firings,  under  what 
appeared  to  be  identical  conditions.  Introduced  scatter  In  the  transverse  probe  results. 


fn  subsequent  studies  to  evaluate  the  "water  effect"  in  detail,  cylinder  air  was  bubbled  through 
water  to  better  control  the  moisture  content  in  the  range.  Water  added  in  this  manner  produced 
results  indistinguishable  from  the  dry  air  results,  ft  appears  that  the  manner  In  which  the  range 
is  filled  affects  the  ionization  in  the  wake.  Cylinder  air  is  added  slowly  to  the  range  and  atmospheric 
air  is  added  relatively  rapidly.  The  enhanced  wakes  observed  with  atmospheric  air  now  appear  to 
be  the  result  of  some  other  contamination  introduced  by  the  stirring  up  of  the  Inevitably  present 
range  debris. 

It  is  interesting  to  note  that  the  radiation  and  gas  cap  properties,  as  monitored  by  the  head-on 
doppler  radar,  were  Insensitive  to  the  factors  which  influenced  the  wake  Ionization  levels.  All 
current  and  future  firings  are  being  made  in  dry  cylinder  air. 

5.2.212  IONIZATION  BEHIND  SPHERES  AND  CONES  IN  DRY  AIR 

A  fair  .mount  of  self-ion-" jient  data  concerning  ionization  *  .hind  non-ablating  spheres  in  dry 
air  at  varies  velocities  d„d  pressures  has  been  obtained.  Theoretical  calculations  for  these  con¬ 
ditions  arc  planned  for  comparison.  A  small  sample  of  this  data  is  shown  in  Figure  21,  where 
ionization  is  plotted  as  a  function  of  distance  along  the  axis  for  various  pressures.  Two  points 
should  be  noted;  'hey  are  the  emergence  of  the  re-compresston  zone  as  a  function  of  pressure  and 
the  monatouic  increase  of  ionization  (at  a  given  axial  position)  as  a  function  of  pressure. 

Wake  Ionization  behind  ablating  aluminum  spheres,  however,  shows  markedly  different  behav¬ 
ior  (Fig.  22).  Electron  densities  are  considerably  greater  than  for  the  non-ablating  copper-clad 
spheres.  In  addition,  as  pressure  is  increased,  electron  density  goes  through  a  maximum  lor  any 
axial  distance  at  about  10  mm  Hg.  In  addition,  (or  n  given  pressure  the  electron  density  reaches  a 
maximum  at  some  axial  position.  This  behavior  is  obviously  quite  different  from  that  of  non-ablating 
spheres. 

Very  lew  cone  firings  which  were  specifically  Intended  as  part  of  an  observable  program  have 
been  completed.  Nevertheless  sufficient  information  ts  available  from  which  an  impression  of 
ionization  levels  behind  cones  may  be  formed. 

For  instance  the  radiation  from  a  non-ablating  cone  and  sphere  under  comparable  conditions 

were  compared  in  paragraph  5. 1. 13.  In  these  firings  the  ionization  immediately  behind  the  sphere 
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is  about  10  -10  e/cc  and  that  behind  thexune  is  barely  perceptible  at  a  level  of  about  10  - 

!0lle/cc.  fhe  velocity  was  approximately  18,000  fl/sec  and  the  pressure  75  mm  Hg.  Wet 
(laboratory)  air  was  used.  It  is  found  that  with  dry  cylinder  air  the  cone  velocity  has  to  be  increased 
to  over  20,000  ft/sec  befet  wake  ionization  Is  appreciable.  To  be  specific,  a  12  1/2°  cone  (10-mm 
base  radius,  2-mm  nose  radius),  fired  at  about  21,000  ft/scc  into  dry  air  at  50  mm  Hg,  produces 
about  lO^e/cc  immediately  behind  the  base  which  drops  to  10*^-  10^e/cc  In  le3s  than  15  base 
diameters.  This  rapid  decay  indicates  that  the  flow  is  dominated  by  nose  btuntness  and  does  not 
have  the  true  character!.,  tics  of  slender  body  flow.  Detailed  programs  are  planned  in  which  the 
effect  of  cune  angle,  nose  radius,  material,  velocity  and  pressure  will  be  explored  in  a  systema¬ 
tic  way. 
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5.  213  SCALING  OF  IONIZATION  BEHIND  NON-ABLATINC  SPHERES  IN  AIR 

Some  experimental  evidence  has  been  obtained  which  indicates  that  scaling  of  Ionization  behind 
non-ablating  spheres  In  air  is  possible.  Before  these  data  are  presented  the  conditions  for  validity 
of  scaling  are  discussed  in  some  detail. 

A  direct  application  of  free-fllght  range  results  can  be  made  to  full-scale  flight  in  the  regimes 
governed  by  appropriate  similitude  laws.  The  complexities  of  chemistry,  Ionization,  and  radiation 
are  added  to  those  of  hypersonic  fluid  dynamics  when  It  Is  desired  to  simulate  the  observables  of 
reentry.  As  the  number  of  Interdependent  phenomena  have  grown  sharply  with  the  advent  of  high¬ 
speed  flight,  the  number  of  nondimensional  groups  has  Increased  to  such  a  point  where  partial 
simulation  is  often  the  final  alternative.  The  new  dimension  of  complexity  introduced  by  high 
temperature  chtmistry  evoked  an  Initial  reaction  of  discouragement  because  chemical  equilibria 
In  a  dissociating  gas  have  different  power  dependencies  on  density. 

CiieiVj has  demonstrate''  that  simultaneous  scaling  of  vi'iuua  and  chemical  equilibrium 
effects  Is  impossible,  thereby  requiring  full-scale  flight  duplication.  Fortunately,  the  necessity 
of  simulating  this  combination  of  effects  is  infrequently  encountered  because  at  the  low  altitudes 
required  for  chemical  equilibration  of  the  field,  viscosity  influences  only  a  negligible  portion  of 
the  flow.  More  recently  Gllck  1  has  pointed  out  that  chemical  nonequilibrium  scaling  of  hypersonic 
flows  is  limited  by  three-body  reactions  occurring  simultaneously  with  binary  reactions  (again 

because  of  incompatible  density  requirements  on  similitude).  It  Is  important  to  note  that  the  exist- 
18 

ence  of  Birkhoff’s  binary  scaling  was  not  denied  by  anyone;  they  simply  Indicated  that  there  are 
regimes  where  It  was  Inapplicable.  For  velocity  duplication,  binary  scaling  requires  the  preserva¬ 
tion  of  pm  L  *  constant  where  f^ls  ambient  density  and  L>  a  characteristic  length.  Tertiary  scaling 

of  the  typical  atom  recombination  reactions  would  require,  In  addition,  the  simultaneous  malnten- 
2 

ance  of  L  =  constant.  Therefore,  binary  reaction  similitude  (only)  Is  equivalent  to  inertial- 
viscous  stress  similitude  through  the  Reynolds  number. 

Recent  experimental  and  theoretical  studies  are  continuing  to  delineate  significant  regimes  of 
v  applicability  of  binary  similitude.  The  pioneering  work  of  Duff  and  Davidson*®  involving  numerical 
computations  of  reaction  zones  behind  shock  waves  in  air  showed  that  a  relatively  large  fraction  of 
the  nonequlllbrtum  region  obeyed  binary  scaling.  This  region  embraced  the  famous  nitric  oxide 

overshoot  first  predicted  in  Reference  19.  Nonequilibrium  radiation  orlglnnMng  at  the  luminous 

20 

front  was  demonstrated  by  Camm  et  al  to  follow  binary  scaling.  A  shock  tube  experiment  was  the 

basis  of  this  conclusion.  A  very  comprehensive  study  of  similitude  of  chemistry  In  bow  shock 

airflows  has  been  done  »*y  Gibson  and  Marrone*  by  means  of  numerical  computations.  They  conclude 

that  the  flow  may  approach  very  far  toward  equilibrium  before  binary  scaling  Is  nullified.  The 

reverse,  three-body  reaction  rates  can  be  as  large  as  30%  of  the  forward  rates  before  significant 
21 

departures  occur.  Lees  has  suggested  that  binary  scaling  may  also  be  applied  to  a  large  portion 
of  the  ionization  history  in  a  hypersonic  wake.  The  similar  regions  of  wake  flows  are  terminated 
by  3-body  electron  attachment  to  oxygen. 

In  the  present  paper  further  experimental  evidence  of  binary  similitude  is  offered  in  the  form 
of  microwave  phase  shift  measurements  of  wake  Ionization  obtained  with  a  transverse  probe  In  the 
physics  range  at  GM  DRL. 
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In  an  attempt  to  determine  whether  scaling  ot  wake  phenomena  is  feasible,  attention  was  directed 
to  ii.nlzatfon  data  obtained  with  non-ablating  spheres  of  different  sizes  fired  under  different  veloc¬ 
ity  and  pressure  conditions.  In  the  simplest-form  of  scaling,  if  the  velocity  is  held  constant,  the 
scaling  condition  Is 

pd  -  constant 

where  p  «  specie  density 

d  *  2R 

R  -  nose  radius  of  blunt  body 

As  part  of  a  wake  transition  study,  spheres  of  5  and  IS  mm  diameter  were  fired  at  pressures  10 
and  30  mm  Hg.  The  scaling  condition  requires  6  mm  diameter  spheres  at  30  mm  Hg.  to  be  compared 
with  10-mm  diameter  spheres  at  10  mm  Hg  (1.  e.  5  x  30  »  15  x  10). 

In  both  cases,  since  firings  were  made  at  almost  identical  velocities  it  was  possible  to  check 
the  scaling. 

In  scaling,  the  Invaria  it  •'l'i*rvable  should  be  »i  x  d  where  ng  is  the  actual  electron  density 
at  some  point  (x/d)  in  the  wake.  In  practice  the  total  integrated  electron  density  along  a  wake  diam¬ 
eter  Is  measured  with  the  focused  probe,  that  is 


0  «  9ir  x  10 


<C)d  t 


0  •  phase  shift  of  transmitted  signal  (radians) 
X  =  probe  wavelength  (cm) 
r  «  wake  radius  (cm) 

t  =  radial  distance  from  wake  centerline  (cm) 

.3 

»I  (0  =  electron  density  at  i  (cm  ) 


This  can  be  approximated  by 


0  »  9»  x  10‘14  X  (»e)av  8 


2r  »  wake  diameter 


Now,  if  it  Is  assumed  that  ionization  scales  for  two  similar  bodies  of  different  sizes  (e.g  : 
body  diameters  dj  and  dj), 

dj^e  («i>  *  *2  ”e({2) 


’2 
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Th°  last  two  conditions  follow  from  the  similarity  of  the  wake  radial  profiles  at  an  invariant  value 
of  x/d.  Thus 

H.  (%)..  •» 

is  equivalent  to 

('*.)„  f'j)  „  "» 

at  any  given  value  of  x/d.  Hence,  the  measured  phase  shift  of  the  focused  probe  transmitted  beam 
can  be  used  to  check  the  validity  of  the  scaling  relationship. 

The  quantity  (*le)avx®  ,s  Pitted  as  a  function  of  x/d  for  the  two  sizes  of  sphere  for  each  of  the 
pressure  conditions  outlined  above. 

The  comparison  between  •>  5  mm  sphere  at  30  mm  Hg  and  n  id  mm  sphere  at  10  mm  Hg,  is 
shown  in  Figure  23.  The  velou'.u.'S  for  the  rounds  are  within  200  fps  of  each  other.  The  two  curves 
virtually  coincide  ts  would  be  expected  if  binary  and  dynamic  similitude  prevail. 

It  is  not  known  with  certainty  whether  the  wakes  described  above  are  either  laminar  or  turbu¬ 
lent  since  the  sensit-.-ity  of  the  schlteren  system  at  that  time  was  not  adequate  to  reveal  details  of 
the  wake  structure.  No  backscatter  returns  were  observed  with  the  oblique  radar  which  is  an  indi¬ 
cation  of  the  absence  uf  turbulence.  Transition  data  obtained  elsewhere  also  indicates  that  the 

7 

wakes  should  be  laminar  under  the  above  conditions.  Since  scaling  appears  to  be  practical,  the 

data  shown  in  Figures  23  may  be  applied  to  full-scale  situations.  Suppose  that  a  one-meter  diameter 

sphere  be  considered.  Then  the  data  in  Figure  23  would  apply  to  an  altitude  at  which  the  pressure 

* 

Is 

p  STW  “  °-15  """  He 

or  roughly  200  kft  altitude. 

The  average  electron  density  behind  this  vehicle  would  then  be  obtained  from  Figure  23. 

It  should  be  remembered  that  scaling  has  been  demonstrated  for  a  size  change  of  three.  Cer¬ 
tainly,  more  extensive  verification  of  the  similarity  considerations  demonstrated  here  will  be 
required  before  these  results  can  be  extended  wltn  confidence  to  full  scale  vehicles  which  are 
100  times  larger  than  the  laboratory  models. 

5. 2.  22  MEASUREMENT  OF  WAKE  TURBULENT  STRUCTURE 

Following  a  descrip',  un  of  some  optical  and  radar  observations  of  the  transition  from  laminar 
to  turbulent  flow,  further  details  of  measurements  of  radar  scattering  from  turbulent  wakes  behind 
both  ablating  and  non-ablating  spheres  and  cones  will  be  giver 

5. 2. 221  TRANSITION  FROM  LAMINAR  TO  TURBULENT  FLOW 

A  detailed  knowledge  of  the  factors  which  govern  the  transition  from  laminar  to  turbulent  flow 
as  well  as  the  transition  distance  Is  essential  In  determining  whether  these  features  are  a  unique 
characteristic  of  the  body  in  question.  In  addition,  since  radar  will  undoubtedly  have  to  be  used  to 
Identify  reentry  objects  It  is  of  equal  Importance  to  establish  whether  there  Is  a  correlation  between 


the  electronic  properties  of  the  wake  and  the  more  usual  fluid  properties,  such  as  neutral  density. 

.\  comparison  ot  the  two  sehlleren  photographs  In  Figure  24  indicates  a  marked  difference  in 
structure  and  character  between  the  wake  of  a  sphere  and  the  wake  of  a  cone  model  at  approxlma  ly 
equal  speeds  and  ambient  pressures.  The  must  striking  difference  lies  in  the  high  level  of  density- 
gradient  fluctuations  throughout  the  turbulent  portion  of  the  cone  wake,  as  compared  with  the  barely 
discernible  turbulent  wake  of  the  sphere.  Although  it  Is  difficult  to  assess  the  turbulent  structure 
directly  from  sehlleren  photographs,  the  presence  of  what  appear  to  be  sonic  (or  Mach  type) 
disturbances  outside  the  turbulent  wake  (such  as  is  Indicated  by  nolnt  A  on  the  photograph)  is  sug¬ 
gestive  of  a  fairly  regular  pattern  in  the  large-scale  fluctuations  of  the  boundary  of  the  cone  wake. 

The  near  wake  of  the  cone  is  laminar,  as  might  be  expected,  while  the  sphere  wake  exhibits 
turbulence  immediately  downstream  of  the  neck.  The  onset  of  turbulence  for  the  cone  Is  of  interest. 
A  small  isolated  "eddy"  (marked  Point  B  in  the  photograph)  is  visible  before  the  flow  becomes 
completely  turbulent. 

Rather  intense  striae  <lnd\atcd  oy  Point  C),  evidently  indicative  of  slip  lines  originating  at 
the  shock  Iron!  near  the  body,  obscure  the  details  of  the  near  wake  of  the  cone.  Hence,  no  meaning¬ 
ful  assessment  of  the  separated  flow  region  or  the  reeomprcsslon  region  can  be  made  from  these 
photographs. 

It  is  evident  that  the  transition  details  behind  a  cone  are  easily  studied  with  the  available 
sehlleren  system  at  pressures  of  interest.  On  the  other  hand,  because  of  the  very  much  weaker 
density-gradient  fluctuations  behind  spheres  (its  noted  above),  the  study  of  transition  In  this  case 
Is  much  more  difficult.  However.  In  a  lew  cases,  transition  behind  a  sphere  appears  lo  have  been 
observed  on  both  the  oblique  radar  and  the  schlieren  systems.  A  comparison  of  one  of  the  better 
sehlleren  records  with  the  oblique  radar  record  of  a  comparable  round  is  shown  tn  Figure  25. 

Here  the  oblique  radar  shows  no  backscatter  Immediately  behind  the  sphere  signal  for  a  distance 
of  about  8  body  diameters.  An  oscillating  signal  then  starts  abruptly  and  is  believed  to  be  back- 
scader  due  to  the  onset  of  turbulence.  The  perlodictty  of  this  signal  Is  believed  lo  be  due  to  the 
doppler  shift  arising  from  the  mean  fluid  motion  in  the  wake  (see  next  paragraph).  On  the  schlieren 
photograph  tn  Figure  25  the  laminar  core  develops  a  slight  wiggle  which  goes  Into  a  larger  ampli¬ 
tude  oscillation  signalling  the  onset  of  turbulence  at  about  7  body  dtumeters. 

Optical  and  radar  transition  behind  cones  has  been  observed  on  several  firings.  Here  the 
correlation  is  extremely  good  and  (he  data  Is  easily  reproducible.  This  Is  believed  to  be  a  conse¬ 
quence  of  (he  high  level  of  density  gradients  which  exist  in  the  turbulent  region  behind  a  cone.  A 
comparison  of  the  srhllere  i  and  radar  transitions  Is  shown  In  Figure  26. 

5. 2. 222  RADAR  SCAT:  BRINGS  FROM  TURBULENT  WAKES 
5. 2. 2221  RADAR  MEASUREMENT  OF  WAKE  VELOCITY 

-ilncc  the  oblique  radar  Is  a  CW  doppler  radar  any  backscatter  signal  from  wakes  should  con¬ 
tain  Information  regardin':  the  component  of  fluid  velocity  ulong  the  direction  of  the  radar  beam. 

In  general,  if  F(t)  Is  the  backscattered  voltage  received  at  the  radar,  then 

F(t)  c  A(l)  cos  ^w(t  •  *(t)^ 

This  representation  Is  gold  only  If  the  characteristic  fluctuation  limes  of  A(t)  and  4(t)  tire  long 


compared  to  ihe  period  of  .  in  the  case  of  the  oblique  radar  in  which  automixing  t3  used,  the 
output  signal  i_ 

F(t)  *  A(l)  cos  b  (t) 

Again  thip  representation  is  good  if  the  characteristic  times  of  A(t)  are  long  compared  to  those  of 
4  (t)  ,  which  in  turn  have  to  be  long  compared  to  the  period  of  .  If  backscatterlng  from  a  very 
underdense  turbulent  trail  in  which  the  turbulent  fluctuations  are  small,  is  considered,  then  F(t) 
would  resemble  an  almost  periodic  signal,  in  which  the  mean  amplitude  would  be  almost  constant 
and  the  period  would  correspond  closely  to  the  doppler  shift  associated  witli  the  mean  axial  fluid 
velocity. 

The  data  obtained  in  backscatterlng  measurements  of  wakes  behind  spheres  and  cones  has  been 
examined  in  th:s  way. 

In  the  case  of  spheres  mere  visual  inspection  of  the  records  indicates  that  the  signa's  are 

almost  per'odic.  A  number  of  firings  have  been  analysed  to  obtal:.  the  mean  fluid  velocity.  The 

22 

results  a/e  plotted  in  Figure  27  vl.rre  they  are  a  bo  compared  to  the  Lees  and  Hromas  theory  . 

The  excellent  agreement  is  apparent  and  it  can  be  concluded  that  the  measured  velocity  is  a  mean 
value  associated  with  a  radial  position  slightly  off  axis.  The  results  shown  in  Figure  27  were 
obtained  with  the  9-inch  resolution  system.  The  more  recent  1. 5-Inch  resolution  system  has  pro¬ 
vided  more  exact  data,  especially  in  the  near  wake.  In  particular,  velocities  in  the  recompression 
zone  behind  a  15-mm  diameter  sphere  have  been  resolved.  Results  for  such  a  case  are  shown  in 
Figure  28.  where  the  comparison  with  theory  is  seen  to  be  excellent. 

In  the  case  of  cones,  the  results  obtained  to  date  contain  a  number  of  inconsistencies.  First, 
for  the  same  firing  conditions,  non-ablating  and  ablating  cones  of  the  same  shape  and  size  do  not 
give  the  same  wake  velocity.  Ablating  cones  apparently  result  In  higher  wake  velocities.  Second, 
a  given  non-ablating  cone  fired  at  different  velocities  at  a  given  pressure  appears  to  cause  different 
normalized  wake  velocities  (the  possibility  of  ablation  setting  in  at  the  higher  velocities  cannot  be 
ruled  out).  It  is  quite  plausible  that  these  inconsistencies  may  arise  due  to  the  high  degree  of 
turbulence  which  occurs  in  cone  wakes.  Because  of  this  it  may  not  be  possible  to  break  F(t)  down 
into  the  approximate  form  F(t)  '  A(t)  cos  b  (t).  In  order  to  investigate  this  point  further,  an 
I.  F.  system  is  to  be  added  to  Ihe  oblique  radar.  The  I.  F.  will  be  so  high  that  once  again  F(t)  can 
be  written 

F(t)  '  A(t)  sin  ^t  -  6  (t)^ 

These  two  signals  can  be  used  to  find  A(t)  and  b  (t)  unambiguously.  It  may  be  found  then  that  the 
present  analysis  is  fault  •  at  that  the  so-called  doppler  signal  Includes  a  strong  contribution  from 
the  turbulent  amplitude  fluctuations  themselves. 

5. 2.  2222  RADAR  CROSS  SECTION  OF  TURBULENT  WAKES 

The  oblique  radar  records  of  backscatter  amplitude  have  been  carefully  calibrated  and  it  is 
Itosslble  to  assign  a  radar  cross  section  value  to  turbulent  wakes.  This  Interpretation  Is  of  course 
subject  to  the  correctness  of  assumptions  which  are  discussed  In  the  previous  paragraph.  However, 
for  the  present  it  has  been  assumed  that  characteristic  fluctuation  times  of  A(t)  are  long  compared 
to  b  (t)  and  that  the  measured  radar  cross  section  (a)  cun  be  associated  with  A(t)  .  According  to 


one  scattering  model,  the  radar  cross  section  per  unit  volume  of  wake  (6  )  should  depend  on 

*  _ 2 

the  squat”  of  the  mean  electron  density  within  the  scattering  volume,  that  is,  6^  of 

In  this  theory  it  is  assumed  that  turbulent  scattering  arises  from  a  large  number  of  randomly 
distributed  scattering  centers,  whose  characteristic  dimensions  are  small  compared  to  the  radar 
wavelengths.  Some  firings  have  been  carried  out  in  which  all  conditions  except  the  water  vapor 
content  were  held  constant.  This  program  was  designed  to  determine  the  effect  of  water  vapor  on 
mean  electron  density  (See  paragraph  5.  2.  21 1).  As  noted  there,  effects  were  found  which  are  now 
at',,  ibuted  to  some  other  contaminant.  However,  the  important  point  is  that  a  situation  arises  in 
which  pressure,  velocity,  and  body  are  fixed  but  both  mean  electron  density  and  wake  backscatter 

are  varied  by  the  presence  of  some  seeding  material.  Following  suggeslions  by  Salpeter.  Treinian. 
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and  Lewis  this  data  is  being  analyzed  to  check  the  above  theory:  that  is.  the  functional  dependence 
of  iv  on  TT  .  Preliminary  indications  are  that  the  relationship  crv  otr,^  is  approached 
quite  rapidly  beyond  about  40  to  50  body  diameters  behind  the  body. 

A  few  cones  were  fired  :  that  time  and.  due  to  the  prcsc'e  of  the  above  contaminant,  appre¬ 
ciable  bair.scalter  was  measured.  In  one  comparison  (see  Fig.  29)  the  normalized  backscatter 
from  a  12  1  2U  non-ablating  cone  wakeTCas  found  to  exceed  that  from  a  non-ablating  sphere  fired 
under  approximately  the  same  conditions.  The  mean  electron  density  as  actually  measured  is  much 
greater  for  the  sphere  than  for  the  cone.  This  result  is  attributed  to  the  greater  degree  of  fluctuation 
of  density  behind  the  cone,  but  may  also  be  influenced  by  different  scales  of  turbulence  for  the  two 
bodies.  An  additional  result  is  summar.zed  in  Figure  30.  Here  the  backscatter  and  mean  electron 
density  behind  a  301’  ablating  aluminum  cone  are  shown.  Even  though  the  electron  density  has  fallen 
well  below  critical,  very  large  backscatter  is  noted. 

In  more  recent  cone  firings,  dry  air  has  been  used,  which  has  resulted  in  much  lower  observ¬ 
ables.  However,  it  has  been  possible  to  increase  the  velocity  to  the  point  where  significant  back- 
scatter  is  observed.  An  example  is  shown  In  Figure  31.  where  it  is  evident  that  measurable  back¬ 
scatter  Is  obtained  even  though  the  mean  density  is  not  measurable.  This  example  is  also  of 
interest  in  that  the  radar  transition  is  clearly  visible,  hi  the  laminar  region  immediately  behind 
the  cone  where  the  mean  density  is  high  and  measurable  no  backscatter  is  observed. 

0.  CONCLUDING  REMARKS 

As  this  Is  a  continuing  program,  no  final  conclusions  can  be  reached  at  this  time.  Nevertheless, 
the  results  which  have  been  obtained  show  that  an  Integrated  free-fllght  range  program  can  provide 
information  of  great  value  in  the  understanding  of  full-scale  reentry.  The  few  results  which  appear 
to  demonstrate  (he  valid’  y  of  scaling  may  have  far  reaching  consequences  if  established  over  a 
broader  range  of  parairn  .ers.  The  program  which  Is  described  here  has  been  two  years  in  the 
making  and  has  now  reached  the  stage  at  which  a  wide  category  of  data  Is  being  produced.  The 
accumulation  of  such  data  Is  now  expected  to  accelerate  rapidly. 
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FIGURE  4  PHOTOMULTIPLIER  RADIOMETER  HECCPOS 
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FIGURE  5  INFRARED  RADIOMETER  RE* 


FIGURE  6  IMAGE  CONVERTER  PHOTOGRAPH  -  NON-ABLATING  SPHERE 


FIGURE  7  IMAGE  CONVERTER  PHOTOGRAPH  -  ABLATING  BODY 
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FIGURE  *  LASER  SCHUEREN  PHOTOGRAPH 


FIGURE  11  OBLIQUE  RADAR  RECORD 


FIGURE  12  VELOCITY  DEPENDENCE  OF  STAGNATION  RADIATION, 0. 35-0.  «d 


FIGURE  13  PRESSURE  DEPENDENCE  OF  STAGNATION  RADIATION,  0. 3$-0.  «M 
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FIGURE  17  SPHERE  -  CONE  RADIATION  COMPARISON 
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FIGURE  20  PEAK  PRECURSOR  VOLTAGE  VARIATION  WITH  VELOCITY 
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DISTANCE  BEHIND  SHOCK  ERONT  (BODY  DIAMETERS) 
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FIGURE.  24  SCIIUEREN  PHOTOGRAPHS  OF  CONE  AND  SPHERE 
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FIGURE  io  SCHUEREN  AND  RADAR  TRANSITION  BEHIND  CONE 
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FIGURE  27  WAKE  VELOCITIES  BEHIND  SPHERES 


FIGURE  28  WAKE  VELOCITY  BEHIND  A  SPHERE 
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•  =  15mm  SPHERE,  V=17,700  FPS,  P=76mm  Hg 
■  =12'/j°  CONE,  V=19,100  FPS,  P=76mm  Hg 


FIGURE  29  BACKSCATTER  FROM  SPHERE  AND  CONE  WAKES 
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